INTRODUCTION {#s1}
============

AKT (also known as protein kinase B, PKB), a well-known serine/threonine protein kinase \[[@R1]\], plays an important role in cell survival \[[@R2]\] or tumor development. Genetic mutations and amplifications confer hyperactivation of AKT in human solid tumors and hematological malignancies. Inactivating mutations or loss-of heterozygosity in tumor suppressor genes lead to hyperactivation of AKT \[[@R3]--[@R5]\]. The somatic mutation of *AKT1* isoform associated with the substitution of glutamic acid by a lysine at amino acid 17 (E17K) of AKT1 has been reported in human breast, colorectal, ovarian cancers, and lung squamous cell carcinoma \[[@R6], [@R7]\]. Separate studies agree that AKT is hyperactivated in liver \[[@R8]\], lung \[[@R9], [@R10]\], colon \[[@R11]\], bile duct \[[@R12]\], pancreas \[[@R13]--[@R15]\], and head and neck cancer (HNC) \[[@R16], [@R17]\].

Several studies provided critical information of AKT signaling regulation by identification of regulators such as phosphatidylinositol-3-kinase (PI3K) or phosphatase and tensin homolog (PTEN) \[[@R18]\]. PTEN is among the most frequently mutated tumor suppressors \[[@R19]\]. Negative regulators such as C1 domain-containing PTEN, carboxy-terminal modulator protein (CTMP), TRB3, Keratin K10 and PH domain leucine-rich repeat protein phosphatase (PHLPP) are also reported to inactivate AKT \[[@R20]--[@R24]\].

Protein digestion by the ubiquitin-proteasome system (UPS) is crucial in many cellular processes \[[@R25]\]. In particular, lysine 48 (K48)-linked polyubiquitin-protein conjugates are recognized and destroyed by the 26S proteasome. Several ubquitin (Ub) E3 ligases have been described as responsible for incorporating K48-linked ubiquitylation of AKT \[[@R26]\]: E3 ligases carboxyl terminus of Hsc70-interacting protein (CHIP) \[[@R27]\], breast cancer early-onset 1 (BRCA1) \[[@R28]\], tratrico-peptide repeat domain 3 (TTC3) \[[@R29]\], and mitochondrial E3 ubiquitin protein ligase 1 (MUL1) \[[@R30]\].

MUL1 has been identified as a AKT negative regulator through induction of K48-linked ubiquitylation at K284 residue \[[@R30]\]. Previously, we reported that MUL1 is suppressed in HNC and contributes to cancer development \[[@R31]\]. MUL1 may act as a tumor suppressor protein in some cancers however, MUL1 regulating signal pathways remain unclear.

Forkhead box (FOX) proteins are a superfamily of evolutionarily conserved transcriptional factors which play important roles in a wide variety of cellular processes such as proliferation, cell cycle arrest (e.g., p27^KIP1^, CDKN1A/p21), cell death (e.g., FasL, Trail, Bim), and metabolism \[[@R32]--[@R34]\]. In addition, forkhead box O (FOXO) factors play important anti-tumoral activities by interfering with senescence induced by oncogenes, angiogenesis, resistance to oxidative stress, and the control of cell invasion \[[@R35]\]. In prostate cancer, astrocyte-elevated gene-1 (AEG1) is often over-expressed and plays a role in cell invasion. AEG1 knock-down reduces cell viability and invasiveness and increases FOXO3 expression and its nuclear localization. FOXO3 expression is decreased in invasive urothelial cancer and correlates with patient survival \[[@R36]\]. Aberrant activation of Ras triggers senescence through a negative feedback loop that suppresses Ras and PI3K signaling, leading to activation of FOXO1 and 3 \[[@R37]\]. FOXO factors play important roles in tumor progression and metastasis \[[@R38]\]. FOXOs are targeted and inactivated by the PI3K-AKT axis \[[@R39]\]. Nevertheless, the underlying role of FOXOs is not fully understood in cancer.

In the present study, we show that cisplatin (CDDP) induced ubiquitylation of AKT and FOXO3 plays an important role in this process through MUL1 regulation.

RESULTS {#s2}
=======

Cisplatin induces thyroid cancer cell death through AKT downregulation {#s2_1}
----------------------------------------------------------------------

To determine whether CDDP could induce thyroid cancer cell death, we treated CDDP to BHP10-3 and TPC1 thyroid cancer cells in a time dependent or dose dependent fashion. Both thyroid cancer cells underwent death by CDDP treatment (Figure [1A](#F1){ref-type="fig"}). TPC1 cells died more rapidly than BHP10-3 cells by CDDP treatment. CDDP-induced thyroid cancer cell death was confirmed by FACS analysis and TUNEL assay (Figure [1B](#F1){ref-type="fig"} and [1C](#F1){ref-type="fig"}). AKT is a well-known oncogenic protein which protects cancer cells from extracellular stress or controls the proliferation of cancer cells \[[@R2]\]. For these reasons, we evaluated whether CDDP could induce downregulation of AKT in thyroid cancer cells. CDDP was treated in a dose or time dependent fashion and p-AKT and total AKT was determined by Western blot assay. CDDP induced downregulation both p-AKT and total AKT in BHP10-3 and TPC1 cells. However, CDDP-induced AKT reduction was less pronounced in BHP10-3 than TPC1 suggesting relative resistance (Figure [1D](#F1){ref-type="fig"}). In TPC1 cells, AKT downregulation was induced from 15 μM of CDDP. These data indicated that CDDP-induced thyroid cancer cell death involves AKT downregulation.

![CDDP causes downregulation of p-AKT and AKT and increases cell cytotoxicity in thyroid cancer cells\
**(A** and **B)** CDDP reduces thyroid cancer cells viability. BHP10-3 and TPC1 cells were treated with CDDP at the indicated concentrations in the absence of serum for 24 hours (*left*) or 48 hours (*right*). Cell viability was evaluated by MTT assay (A, n = 6), FACS analysis (B) and TUNEL assay **(C)**. Data are mean ± SD. Asterisks indicate statistically significant differences (*P \< 0.05*). **(D)** p-AKT and AKT decrease in response to CDDP. BHP10-3 and TPC1 cells were treated with indicated concentrations of CDDP for 24 hours or 48 hours in the absence of serum and the reduction in p-AKT and AKT was assessed by Western blot.](oncotarget-08-110474-g001){#F1}

CDDP leads to ubiquitylation of AKT {#s2_2}
-----------------------------------

CDDP treatment induced downregulation of both p-AKT and total AKT and led to death of thyroid cancer cells (Figure [1](#F1){ref-type="fig"}). Therefore, we determined whether CDDP could induce post transcriptional modification (PTM) such as UPS. CDDP decreased levels of p-AKT and total AKT in a time dependent manner however, these decrements were inhibited by a proteasome inhibitor, MG132 (Figure [2A](#F2){ref-type="fig"}). To clarify CDDP-induced ubiquitylation of AKT, we transfected TPC1 with wild type (WT), active (myristorylated, Myr), or inactive (T308/S473 double mutant, DM) AKT series and investigated AKT ubiquitylation by Ni-NTA His pull-down assay. As a result, CDDP induced ubiquitylation of AKT. Specifically, active form of AKT was strongly ubiquitylated by CDDP however, the inactive form was not ubiquitylated (Figure [2B](#F2){ref-type="fig"}). CDDP induced AKT ubiquitylation in a time dependent manner (Figure [2C](#F2){ref-type="fig"}). CDDP-mediated AKT ubiquitylation was identified as K48-linked ubiquitylation (Figure [2C](#F2){ref-type="fig"}, anti-K48 blot). To confirm the CDDP-mediated K48-linked ubiquitylation of AKT, we used K48 mutant ubiquitin plasmid (K48R). CDDP strongly induced K48-linked ubiquitylation of AKT however, K48R ubiquitin did not lead to AKT ubiquitylation (Figure [2D](#F2){ref-type="fig"}). Taken together, these data indicated that CDDP induced downregulation of AKT through K48-linked UPS.

![CDDP induces K48-linked ubiquitylation and degradation of AKT\
**(A)** CDDP induces ubiquitin proteasome system (UPS) of AKT. TPC1 cells were treated with CDDP for each indicated times. MG132 (1 μM) was pre-treated for 1 hour before the CDDP treatment. p-AKT and AKT expressions were evaluated by Western blot. **(B)** TPC1 cells were transfected with the wild-type AKT (WT AKT/Myc-His), constitutively active myristoylated AKT (Myr-AKT/Myc-His), or inactive AKT (DM AKT/Myc-His) plasmid together with the hemagglutinin-tagged ubiquitin (Ubi-HA) plasmid. After 24 hours, CDDP was treated for 24 hours with MG132 (1 μM) to TPC1 cells in the absence of serum. Ubiquitylated AKT was detected by Ni-NTA His pull-down and Western blot. **(C)** TPC1 cells were transfected with the Myr AKT/Myc-His plasmid together with the Ubi-HA plasmid. 24 hours after transfection, TPC1 cells were treated with CDDP for the indicated times in the absence of serum. Ubiquitylated AKT was detected by Ni-NTA His pull-down and Western blot. **(D)** TPC1 cells were transfected with Myr AKT/Myc-His plasmid together with the lysine mutant HA-tagged Ubi plasmid (K48 Ubi-HA, all lysine residues except Lys-48 replaced with arginine; K48R Ubi-HA, Lys-48R replaced with arginine). 24 hours after transfection, TPC1 cells were treated with CDDP for 24 hours in the absence of serum.](oncotarget-08-110474-g002){#F2}

MUL1 ubiquitylates AKT by CDDP {#s2_3}
------------------------------

MUL1 has been previously identified as a E3 ligase against AKT \[[@R30]\]. We reported that MUL1 regulation was associated with head and neck cancer (HNC) development through reduction of AKT \[[@R31]\]. Following these reports, we hypothesized that MUL1 suppression may also contribute to development of thyroid cancer, thus we checked the relationship between CDDP-induced ubiquitylation of AKT and MUL1 induction. To determine whether MUL1 is associated with thyroid cancer cell survival, we transfected EGFP-MUL1 in TPC1 cells and measured cell viability. MUL1 overexpressed TPC1 cells presented decreased cell viability compared with control or EGFP transfected cells (Figure [3A](#F3){ref-type="fig"}). MUL1 overexpression reduced both p-AKT and total AKT levels in BHP10-1 and TPC1 thyroid cancer cells (Figure [3B](#F3){ref-type="fig"}). These data indicated that MUL1 acts as a negative regulator in thyroid cancer cells. Regarding that CDDP induced K48-linked ubiquitylation of AKT (Figure [2](#F2){ref-type="fig"}), we checked the MUL1 expression level in response to CDDP treatment in thyroid cancer cells. CDDP treatment increased MUL1 levels in both BHP10-1 and TPC1 cells followed by AKT reduction (Figure [3C](#F3){ref-type="fig"}). The interaction between AKT and MUL1 was increased by CDDP treatment in proximity ligation assay (PLA) (Figure [3D](#F3){ref-type="fig"}). These results indicated that CDDP-induced AKT downregulation was closely associated with MUL1. Therefore, we examined the role of MUL1 in CDDP-mediated AKT ubiquitylation. CDDP-induced AKT downregulation was prevented by *MUL1* siRNA treatment (Figure [3E](#F3){ref-type="fig"}). CDDP-induced cytotoxicity was inhibited in MUL1 knock-downed cells compared with control (Figure [3F](#F3){ref-type="fig"}). AKT ubiquitylation in response to CDDP was accumulated however, the AKT ubiquitylation was prevented in *MUL1* siRNA treatment condition (Figure [3G](#F3){ref-type="fig"}). Reflecting these results, it is suggested that CDDP induced MUL1 induction which in turn results in AKT ubiquitylation, thereby leading to cell death.

![MUL1 is an E3 ligase responsible for CDDP-induced AKT ubiquitylation\
**(A)** MUL1 induces cell cytotoxicity. TPC1 cells were transfected with Mock, EGFP or EGFP-MUL1 plasmid, respectively. At 24 hours after transfection, TPC1 cells were seeded in a 48-well plate and incubated for 24 hours. Cell viability was measured by the MTT assay (n = 6). Data are mean ± SD. Asterisks indicate statistically significant differences (*P \< 0.05*). **(B)** MUL1 overexpression reduces p-AKT and AKT. BHP10-3 and TPC1 cells were each transfected with Mock, EGFP, and EGFP-MUL1 plasmid respectively, for 24 hours followed by cell lysis for Western blot. **(C)** CDDP induces MUL1 expression. Thyroid cancer or HNC cells (FaDu and SCC15) were treated with CDDP for 24 hours in the absence of serum, and each protein levels were determined by Western blot. **(D)** CDDP increased the level of the interaction between MUL1 and AKT. TPC1 cells were seeded at coverslip and then, CDDP was treated for 12 hours. The interaction between AKT and MUL1 was determined by PLA assay. Fluorescence images were observed by confocal microscopy. Scale bar represents 50 μm. **(E)** CDDP-induced AKT downregulation is associated with MUL1. TPC1 cells were transfected with scrambled RNAs or *MUL1* siRNA and 24 hours later, CDDP was treated for 24 hours in the absence for serum and each protein levels were determined by Western blot. **(F)** MUL1 knock-down rescues CDDP-induced cytotoxicity. Scrambled RNAs or *MUL1* siRNA transfected TPC1 cells were seeded in a 48-well plate and then, CDDP was treated for 24 hours in the absence of serum. Cell viability was measured by MTT assay (n = 6). Data are mean ± SD. Asterisks indicate statistically significant differences (*P \< 0.05*). **(G)** MUL1 knock-down prevents CDDP-induced AKT ubiquitylation. TPC1 cells were transfected with scrambled RNAs or *MUL1* siRNA and 24 hours later, Myr-AKT/Myc-His and Ubi-HA plasmid were transfected for 12 hours. CDDP was treated for 24 hours with MG132 (1 μM) in the absence of serum. The cell lysates were subjected to denatured Ni-NTA His pull-down and Western blot.](oncotarget-08-110474-g003){#F3}

FOXO3 plays an important role in CDDP-induced MUL1 expression {#s2_4}
-------------------------------------------------------------

CDDP induced K48-linked ubiquitylation of AKT through MUL1 dependent manner (Figure [3](#F3){ref-type="fig"}). MUL1 was considered to be a tumor suppressor protein in thyroid cancer, therefore further investigation was conducted in the interest of identifying regulators of MUL1. Using the TRANSFAC^®^ database, we analyzed putative regulator binding sites in the human MUL1 gene promoter about 2 kb from the transcription initiating site. We found FOXO3 as a putative transcriptional regulator against MUL1, thus we analyzed relationship between FOXO3 and MUL1 under CDDP treatment. FOXO1 and FOXO4 levels were mildly increased against CDDP, however, FOXO3 was strongly accumulated in CDDP-treated cells ([Supplementary Figure 1](#SD1){ref-type="supplementary-material"}). Therefore, we tested whether CDDP could induce translocation of FOXO3, so CDDP was treated to TPC1 cells in a time dependent manner and FOXO3 location was observed by immnunocytochemistry. FOXO3 was translocated from the cytosol to the nucleus in a time dependent fashion in response to CDDP (Figure [4A](#F4){ref-type="fig"} and [Supplementary Figure 2](#SD1){ref-type="supplementary-material"}). More specifically, FOXO3 was observed in the nucleus from 4 hours of CDDP treatment. CDDP induced accumulation of MUL1 followed by FOXO3 increment, however, FOXO3 knock-down did not induce MUL1 induction and also AKT downregulation (Figure [4B](#F4){ref-type="fig"}). To confirm the relationship between CDDP-induced FOXO3 increment and MUL1 induction, we checked the *MUL1* gene expression level. While *MUL1* gene was expressed by CDDP treatment, FOXO3 knock-down inhibited CDDP-induced *MUL1* expression (Figure [4C](#F4){ref-type="fig"}). To confirm the relationship between FOXO3 and MUL1, we determined FOXO3 activity through chromatin immunoprecipitation assay (ChIP). We analyzed putative FOXO3 binding region in the 5' upstream of the MUL1 gene spanning approximately 1.7 kb from the transcription start site ([Supplementary Figure 3](#SD1){ref-type="supplementary-material"}). CDDP induced increased binding of FOXO3 in the 5' upstream region of MUL1 gene (Figure [4D](#F4){ref-type="fig"}). FOXO3 phosphorylation sites mutant (T32A, S253A and S315A) against AKT (FOXO3 triple mutant, FOXO3 TM) was strongly bound at *MUL1* promoter region by CDDP treatment (Figure [4E](#F4){ref-type="fig"}). To clarify FOXO3-mediated MUL1 regulation, we generated FOXO3 response element luciferase system which contained 1.7 kb from the transcription start site of *MUL1* gene and checked CDDP-induced FOXO3 transcriptional activity. The FOXO3-mediated reporter activity was increased by CDDP treatment (Figure [4F](#F4){ref-type="fig"}). For these reasons, MUL1-AKT interaction was not observed in *FOXO3* siRNA treated cells by proximity ligation assay (PLA) ([Supplementary Figure 4](#SD1){ref-type="supplementary-material"}). These data indicated that FOXO3 acts as a regulator of MUL1 in response to CDDP.

![FOXO3 mediates CDDP-induced MUL1 expression\
**(A)** CDDP causes FOXO3 translocation into the nucleus. TPC1 cells were cultured on coverslips and treated with CDDP in the absence of serum for the indicated times. Immunofluorescent staining was then performed using the anti-FOXO3 (*red*), anti-Tubulin (*green*) antibody and DAPI (*blue*). Scale bar represents 50 μm. Tubulin and DAPI were also each applied to visualize the cytoplasm and nuclei, respectively. **(B** and **C)** FOXO3 knock-down inhibits CDDP-mediated MUL1 induction. TPC1 and BHP10-3 cells were transfected with scrambled RNAs or *FOXO3* siRNA. At 24 hours after siRNA transfection, CDDP was treated for 12 or 24 hours in the absence of serum for Western blot and *MUL1* RT-PCR. *BINP3* or *TNFSF10* was used as positive control against FOXO3. **(D)** CDDP induces increased activity of FOXO3 DNA binding. FOXO3 plasmids were transfected into TPC1 cells and then, cells were cultured with or without CDDP for 24 hours. FOXO3 DNA binding activity was determined with ChIP assay. **(E)** FOXO3 triple mutant (FOXO3 TM) or FOXO3 wild type (FOXO3 WT) plasmids were transfected to TPC1 and then, CDDP was treated for 24 hours. **(F)** CDDP induces increased level of FOXO3 reporter activity. The TPC1 cells were cotransfected with FOXO3 reporter plasmids (pGL4-FOXO3/Luc) and FOXO3. After 24 hours of incubation, cells were lysed and the reporter luciferase activities driven by the FOXO3 were determined.](oncotarget-08-110474-g004){#F4}

FOXO3-MUL1 axis regulates ubiquitylation of AKT through ROS dependent manner {#s2_5}
----------------------------------------------------------------------------

FOXO3 was involved in CDDP-mediated MUL1 induction and AKT reduction, thus we tested whether FOXO3-MUL1 axis could contribute to ubiquitylation of AKT. We transfected TCP-1 cells with FOXO3 (FOXO3-Flag) and treated with CDDP. While CDDP treatment increased MUL1 level and decreased AKT, FOXO3 overexpression induced MUL1 expression in the absence of CDDP (Figure [5A](#F5){ref-type="fig"}). CDDP-mediated MUL1 induction or AKT decrement was enhanced by FOXO3 overexpression. CDDP induced accumulation of AKT ubiquitylation, however ubiquitylation of AKT was enhanced by FOXO3 (Figure [5B](#F5){ref-type="fig"}). In contrast with FOXO3 overexpression, CDDP-induced ubiquitylation of AKT was prevented by *FOXO3* siRNA treatment (Figure [5C](#F5){ref-type="fig"}). For these reasons, FOXO3 overexpression showed synergistic effect together with CDDP treatment (Figure [5D](#F5){ref-type="fig"}). FOXO3 knock-downed cells were resistant from CDDP treatment (Figure [5E](#F5){ref-type="fig"}). These data indicated that FOXO3 has a pivotal role in ubiquitylation of AKT through MUL1 regulation. Previously, we reported that intracellular ROS plays an important role in MUL1-mediated AKT ubiquitylation in HNC \[[@R30]\]. CDDP could increase ROS levels \[[@R40]\], so we determined whether the FOXO3-MUL1-AKT axis was involved in CDDP-mediated intracellular ROS production. CDDP increased intracellular ROS levels in both TPC1 and BHP10-3 thyroid cancer cells (Figure [6A](#F6){ref-type="fig"}). CDDP-induced ubiquitylation of AKT was inhibited by a ROS scavenger, N-acetylcysteine (NAC) (Figure [6B](#F6){ref-type="fig"}). AKT ubiquitylation induced by CDDP was prevented in NAC pre-treated cells, thus we further checked the relationship between FOXO3 and MUL1 under these conditions. CDDP induced FOXO3 and MUL1 while p-AKT and total AKT were decreased, however FOXO3 and MUL1 increases were inhibited by NAC (Figure [6C](#F6){ref-type="fig"}). p-AKT and total AKT reductions were also prevented, therefore CDDP could not induce ubiquitylation of AKT in NAC pre-treated cells (Figure [6B](#F6){ref-type="fig"}). Followed by these results, CDDP could not induce cytotoxicity in NAC treated cells compared with controls (Figure [6D](#F6){ref-type="fig"}). Based on these data, we could suggest that CDDP induced K48-linked ubiquitylation of AKT through FOXO3-MUL1 axis and ROS is important in the CDDP-mediated FOXO3-MUL1-AKT signal pathway. From these findings, we suggest that FOXO3-MUL1 axis could be a therapeutic target for novel cancer strategy for the treatment of HNC with CDDP (Figure [7](#F7){ref-type="fig"}).

![FOXO3 mediates CDDP-induced MUL1 expression\
**(A** and **B)** FOXO3 promotes CDDP-induced MUL1 expression and AKT ubiquitylation. (A) TPC1 cells were transfected with Mock or FOXO3-Flag plasmid and then, CDDP was treated for 24 hours in the absence of serum. The cells were subjected to Western blot assay with the indicated antibodies. (B) TPC1 cells were transfected with Mock or FOXO3-Flag together with the Myr-AKT/Myc-His and Ubi-HA plasmid. At 24 hours later, CDDP was treated for 24 hours with MG132 (1 μM) in the absence of serum. The cell lysates were subjected to denatured Ni-NTA His pull-down and Western blot. **(C)** FOXO3 knock-down inhibits CDDP-mediated AKT ubiquitylation. TPC1 cells were transfected with scrambled RNAs or *FOXO3* siRNA and 24 hours later, Myr-AKT/Myc-His and Ubi-HA plasmid were transfected for 12 hours. CDDP was treated for 24 hours with MG132 (1 μM) in the absence of serum. The cell lysates were subjected to denatured Ni-NTA His pull-down and Western blot. **(D)** Mock or FOXO3-Flag plasmid transfected TPC1 cells were seeded in a 48-well plate and then, CDDP was treated for 24 hours in the absence of serum. Cell viability was measured by MTT assay (n = 6). Data are mean ± SD. Asterisks indicate statistically significant differences (*P \< 0.05*). **(E)** Scrambled RNAs or *FOXO3* siRNA transfected TPC1 cells were seeded in a 48-well plate and then, CDDP was treated for 24 hours in the absence of serum. Cell viability was measured by MTT assay (n = 6). Data are mean ± SD. Asterisks indicate statistically significant differences (*P \< 0.05*).](oncotarget-08-110474-g005){#F5}

![CDDP-induced cellular ROS controls the FOXO3-MUL1-AKT axis\
**(A)** CDDP-induced ROS increment is inhibited by NAC. BHP10-3 and TPC1 cells were pre-treated with NAC (10 mM) for 1 hour and then, CDDP was treated for further 24 hours. Intracellular ROS levels were determined by FACS analysis (n=3). Data are mean ± SD. Asterisks indicate statistically significant differences (*P \< 0.05*). **(B)** NAC inhibits CDDP-induced AKT ubiquitylation. Myr-AKT/Myc-His together with Ubi-HA transfected TPC1 cells were pre-treated with NAC (10 mM) for 1 hour and treated with or without CDDP in the absence of serum for 24 hours. Ubiquitylated AKT was detected by Ni-NTA His pull-down and Western blot. **(C)** NAC inhibits CDDP-induced MUL1 expression and AKT degradation by CDDP. TPC1 cells were pre-treated with NAC for 1 hour and then, CDDP was treated for 24 hours in the absence of serum. Each protein levels were determined by Western blot. **(D)** NAC inhibits CDDP-mediated cytotoxicity. TPC1 cells were seeded at 48-well plate and NAC was pre-treated for 1 hour. After then, NTS was treated further 24 hours with or without NAC. Cells viability were measured by MTT assay (n = 6). Data are mean ± SD. Asterisks indicate statistically significant differences (*P \< 0.05*).](oncotarget-08-110474-g006){#F6}

![Scheme of FOXO3-MUL1-AKT axis response to CDDP\
FOXO3 is inactivated in normal condition through phosphorylation by AKT or ubiquitylation, however, CDDP induces accumulation of MUL1 and leads to degradation of AKT through K48-linked ubiquitylation. Furthermore, CDDP-induced FOXO3 activation controls induction of MUL1.](oncotarget-08-110474-g007){#F7}

DISCUSSION {#s3}
==========

In the present study, we show that AKT was ubiquitylated by CDDP and FOXO3 plays a pivotal role during this process, through MUL1 regulation. CDDP induced K48-linked ubiquitylation of AKT in a time dependent manner. CDDP-mediated AKT ubiquitylation was suppressed by MUL1 knock-down, so we then searched for regulators of MUL1 by bioinformatic methods and determined the role of FOXO3 as a positive regulator of MUL1 induction. CDDP induced nuclear accumulation of FOXO3 and MUL1 expression was dependent on FOXO3. Ultimately, CDDP-mediated FOXO3-MUL1-AKT axis was controlled by the intracellular ROS system.

Protein degradation by UPS is used to control many cellular processes \[[@R25]\]. Several reports have described UPS-mediated AKT proteolytic degradation in different types of cells \[[@R41]\]. Of note, MUL1 induced p-AKT ubiquitylation in a specific manner \[[@R30]\]. The results in the present study also showed that CDDP induced ubiquitylation of active AKT (Figure [2B](#F2){ref-type="fig"}) and these events were inhibited by MUL1 knock-down (Figure [3G](#F3){ref-type="fig"}). From the previous reports of our study, MUL1 plays a pivotal role in HNC progression through its suppression \[[@R31]\]. AKT is also overexpressed and hyperactivated in thyroid cancer \[[@R42]\]. In thyroid cancer cells, a chemopreventive non-steroidal anti-inflammatory drug, sulindac sulfide, blocks the PI3K-AKT pathway and leads to the activation of FOXO3, which increases the expression of Bim, GADD45A and p27^KIP1^ to promote cell cycle arrest and apoptosis \[[@R43]\]. From the results of the present study, MUL1 was suppressed endogenously in thyroid cancer cells (Figure [3](#F3){ref-type="fig"}), thus MUL1 may act as a thyroid cancer suppressor protein through regulation of AKT activity.

AKT controls the functions of many proteins through phosphorylation. One of the target proteins of AKT is FOXO3 \[[@R39]\]. The expression and activity of FOXO factors are strongly controlled by PTM such as phosphorylation, acetylation, methylation and ubiquitylation \[[@R44]\]. A major mechanism of FOXO3 regulation consists of phosphorylation by AKT on three residues, T32, S253, and S315 by growth factor stimulation \[[@R39]\], leading to FOXO3 inactivation. For these reasons, FOXO factors are well-established mediators of cancer cell death induced by chemotherapeutic agents \[[@R45]\]. In breast cancer cells treated with 5-fluorouracil, there is an accumulation of human antigen R (HuR), an RNA-binding protein which binds to and stabilizes FOXO1 mRNA to promote apoptosis \[[@R46]\]. Paclitaxel, which is also used for the treatment of breast cancer, was shown to stimulate apoptosis via FOXO3-induced Bim expression \[[@R47]\]. Similarly, FOXO3 is associated with the apoptotic effect of imatinib in leukemia cells via Bim induction \[[@R48]\]. Other anti-cancer drugs (e.g. Trastuzumab, Lapatinib and Tamoxifen) activate FOXOs to mediate apoptosis in cancer cells \[[@R49]\]. ONC201/TIC10 is a dual inhibitor of AKT and ERK that targets chemotherapy-resistant colorectal cancer stem cells via induction of TRAIL expression by FOXO3 \[[@R50]\]. CDDP induced colon, lung, and oral cancer cell death through FOXO3 mediation \[[@R51]--[@R55]\]. In the present study, we also showed that CDDP induced thyroid cancer cells death via FOXO3 increment. Furthermore, our data showed that CDDP led to downregulation of AKT and it was associated with FOXO3-mediated AKT ubiquitylation (Figure [5](#F5){ref-type="fig"}). FOXO3 was determined as a putative regulator of MUL1, therefore FOXO3 and MUL1 were suppressed in thyroid cancer cells (Figure [4B](#F4){ref-type="fig"}). The suppression of FOXO3-MUL1 maybe lead to overexpression or hyperactivation of AKT in thyroid cancer \[[@R42]\]. Thus, FOXO3 could be a good therapeutic target for thyroid cancer therapy through induction of the MUL1-AKT axis.

CDDP is a first-line chemotherapeutic agent in the therapy of various human cancers. The antitumor mechanisms of CDDP include failure to repair damaged DNA, building bifunctional DNA crosslinks, interference with replication of DNA, and induction of cell apoptosis/necrosis \[[@R56]--[@R58]\]. Despite its significant effect on cancers, CDDP still has some disadvantages such as drug resistance. CDDP could not be used in the clinic because thyroid cancer presented drug resistance against CDDP. However, on the basis of the results of this study, we suggest that CDDP resistance could be overcome if the FOXO3-MUL1 axis could be regulated. Although more detailed experiments are necessary to elucidate the underlying expression profiling between FOXO3 and MUL1 in tissues of thyroid cancer patients, we could speculate that while p-AKT is increased, FOXO3 and MUL1 is decreased.

In the present study, we showed that CDDP-mediated FOXO3 nuclear accumulation increased MUL1 level and led to K48-linked ubiquitylation of active AKT. Therefore, we suggest that FOXO3-MUL1 axis could be a good therapeutic target for cancer therapy using the CDDP.

MATERIALS AND METHODS {#s4}
=====================

Reagents and antibodies {#s4_1}
-----------------------

Chemicals were obtained from the following sources: *cis*-Diammineplatinum (II) dichloride (CDDP), N-acetylcysteine (NAC) and MG132 were purchased from Sigma-Aldrich (St. Louis, MO, USA). Antibodies were obtained from the following sources: anti-AKT (\#9272 for western blot), anti-AKT (\#2920 for proximity ligation assay, PLA), anti-p-AKT (Ser473), anti-Myc, anti-His, anti-FOXO1, anti-FOXO3, anti-FOXO4, anti-GAPDH, anti-Normal Rabbit IgG, horseradish peroxidase (HRP)-conjugated anti-mouse IgG and anti-rabbit IgG (Cell signaling Technology, Beverly, MA, USA), anti-K48 Ubiquitin, anti-K63 Ubiquitin, anti-α-Tubulin (Millipore, Temecula, CA, USA), anti-HA for western blot, anti-GFP (Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-MUL1, anti-Lamin A and anti-HA for ChIP assay (abcam, Cambridge, MA, USA), anti-hemagglutinin (HA), anti-GFP (Santa Cruz, Biotechnology, Santa Cruz, CA, USA), anti-Flag (Sigma-Aldrich), Alexa Flour 488-conjugated goat anti-Mouse and Alexa Flour 546-conjugated goat anti-Rabbit (Invitrogen, Carlsbad, CA, USA)

Cell culture {#s4_2}
------------

Thyroid cancer (TPC1 and BHP10-3) cells and head and neck cancer (HNC; FaDu and SCC15) cells were purchased from the American Type Culture Collection (ATCC; Manassas, VA, USA). TPC1 and BHP10-3 cells were grown in Roswell Park Memorial Institute 1640 (RPMI 1640; GIBCO, Carlsbad, CA, USA), while FaDu cells were maintained in Minimum Essential Medium (MEM; GIBCO), while SCC-15 cells were grown in Dulbecco\'s modified Eagle\'s medium/Ham\'s nutrient mixture F-12 (DMEM/F12; GIBCO), supplemented with 10% fetal bovine serum (FBS; GIBCO) and 100 U/ml penicillin-streptomycin (GIBCO) at 37°C with 5% CO~2~ under humidified conditions.

Plasmid transfection {#s4_3}
--------------------

The entire coding regions of MUL1 were generated by PCR from cDNA synthesized from Human Universal QUICK-CloneTM II (Clontech Laboratories, Inc). Human MUL1 cDNA was cloned into pEGFP-N1 (Clontech). The sequences of primers used for PCR are as follows: human MUL1, 5'-CTA GCT AGC TAG ATG GAG AGC GGA GGG CGG CCC T-3' and 5'-CCG CTC GAG CGG GCT GTT GTA CAC GGG TAT CAC C-3'. FOXO3-Flag, FOXO3 WT-HA and FOXO3 triple (T32A, S253A, S315A) mutant-HA (FOXO3 TM-HA) plasmid \[[@R39]\] was obtained from Addgene (Cambridge, MA, USA). The pcDNA3.1-wild-type AKT-Myc/His (WT AKT-Myc/His), pcDNA3.1-myristoylated AKT-Myc/His (Myr AKT-Myc/His), pcDNA3.1-T308A/S473A double mutant AKT-Myc/His (DM AKT/Myc-His), wild-type ubiquitin-HA (WT Ubi-HA), mutant K48 ubiquitin-HA (K48 Ubi-HA) and mutant K48R ubiquitin-HA (K48R Ubi-HA) plasmids were used as described previously \[[@R30]\]. To generate the MUL1 luciferase promoter constructs (-1566 to +100), the following 5' upstream regions of MUL1 gene were amplified from Human Genomic DNA (TaKaRa, Madison, WI, USA) and inserted into pGL4.23 \[*luc2*/minP\] vector (Promega). The sequences of primers used for PCR are as follows: 5'-GCT AGC ATG AAG TTG CAC TGA GCC GAG ATC-3' and 5'-CCC TCG AGG GGG GCC TTC TGC CGG TAC ACG G-3'. Transient transfections were performed with Lipofectamine 2000 (Invitrogen), according to the manufacturer\'s instructions. Briefly, when cells reached 70% confluence in a 10-cm diameter culture dish, the culture medium was replaced with opti-MEM (Invitrogen), and each plasmids (1μg) were transfected. After 6 hours, the culture medium was replaced with RPMI 1640 containing 10% FBS, and TPC1 cells were incubated for 48 hours. pcDNA3.1-Myc/His was used as a mock transfection control.

Cell viability assay {#s4_4}
--------------------

Human thyroid cancer (TPC1 and BHP10-3) cells were seeded at 150 cells/mm^2^ for 24 hours on 48-well plates and then grown in medium containing FBS. On the following day, cells were washed with PBS and treated with CDDP in the absence of serum. Cell viability was measured with a Thiazolyl Blue Tetrazolium Bromide (MTT) assay (Sigma-Aldrich) according to the manufacturer\'s instructions.

Annexin V and propidium iodide (PI) analysis {#s4_5}
--------------------------------------------

Quantitative apoptotic cell death by CDDP was detected using the Annexin V-propidium iodide (PI) apoptosis detection kit I (BD Biosciences, Bedford, MA, USA) according to the manufacturer\'s instructions. TPC1 cells were treated with CDDP for 16 hours. The cells were harvested, washed with cold phosphate-buffered saline (PBS), and stained with Annexin V-fluorescein isothiocyanate and PI at room temperature for 15 min in the dark. The early and late apoptosis were quantified according to the manufacturer\'s instructions. Apoptosis was detected using a FACS Aria system (BD Biosciences), with the excitation and emission settings of 488 and 530 nm, respectively.

Western blot analysis {#s4_6}
---------------------

Cells were lysed with la radio-immunoprecipotation assay (RIPA) lysis buffer (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 0.1% SDS, 1% Nonidet P-40, 2.5 mM sodium pyrophosphate, 1 mM β-glycerophosphate, 1 mM Na~3~VO~4~, 2 mM *p*-nitrophenyl phosphate, and a protease inhibitor cocktail) on ice for 30 min. Following centrifugation at 14,000 ×g for 20 min at 4°C, the proteins in supernatants were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and transferred to a polyvinylidene difluoride (PVDF) membrane (Millipore). Membranes were blocked with 5% skim milk for 1 h at room temperature and incubated overnight with primary antibody (1:1,000) at 4°C. After washing with 0.1% Tween-20 in Tris-buffered saline (TBS-T), membranes were then incubated with HRP-conjugated secondary antibody (1: 5,000). Proteins were visualized using ECL reagents (GE Healthcare Life Sciences, New York, NY, USA) and detected with an LAS-4000 imaging system (Fujifilm, Tokyo, Japan). Image densities were quantified with ImageJ analysis software.

RNA interference analysis {#s4_7}
-------------------------

A total of 300 pmols of scrambled RNAs or siRNAs were transfected into TPC1 cells at 70% confluency in a 10-cm diameter culture dish using Lipofectamine® RNAiMAX Transfection Reagent (Thermo Fisher, Pittsburgh, PA, USA), according to the manufacturer\'s instructions. After 24 hours, transfected TPC1 cells were treated with CDDP. Duplexes of siRNA targeting *MUL1* and *FOXO3* were synthesized by BIONEER (Daejeon, Korea). The siRNA sequences are as follows: human *MUL1*, 5'-GUA CAA CAG CUA AUA GUU U-3' and 5'-A AAC UAU UAG CUG UUG UAC-3'; human *FOXO3*, 5'-CAA CCU GUC ACU GCA UAG U-3' and 5'-A CUA UGC AGU GAC AGG UUG-3'.

RT-PCR {#s4_8}
------

Expression of *MUL1* and *18s* was estimated by RT-PCR. Total RNAs in TPC1 and BHP10-3 cells were isolated using TRIzol reagent (Thermo Fisher) and cDNAs were synthesized with 1 μg of total RNAs and ReverTra Ace^®^ qPCR RT Master Mix (TOYOBO, Osaka, Japan), according to the manufacturer\'s instructions. PCR primer sequences were as follows: human *MUL1*, 5'-CAC AAG ATG GTG TGG AAT CG-3' and 5'-TCA GCA TCT CCT CGG TCT CT-3'; human *TNFSF10*, 5'-GAC CCC AAT GAC GAA GAG AG-3' and 5'-TCC TTG ATG ATT CCC AGG AG-3'; human *bNIP3*, 5'-CTG GAC GGA GTA GCT CCA AG-3' and 5'-TCT TCA TGA CTC TCG TGT TC-3'; human *18s*, 5′-CAC GGA CAG GAT TGA CAG AT-3′ and 5′-CGA ATG GGG TTC AAC GGG TT-3′. PCR products were separated by 1% agarose gel, stained with GelRed Nucleic acid gel stain (Biotium, Fremont, CA, USA), and visualized using a ImageQuant™ LAS 4000 (FujiFilm).

TdT-mediated dUTP nick end labeling (TUNEL) assay {#s4_9}
-------------------------------------------------

Analysis of apoptosis was performed using TUNEL. TPC1 cells were seeded on glass cover slips (Thermo Fisher), cultured overnight in a 12-well plate, and treated with CDDP for 16 hours. TPC1 cells were fixed with 4% paraformaldehyde in PBS for 10 min, washed three times with PBS, permeabilized with 0.1% Triton X-100 in PBS for 2 min on ice, and washed twice in PBS. Staining was performed by incubating cells for 1 hour at 37°C in 50 μl of TUNEL reaction mixture in *In Situ* Cell Death Detection Kit, Fluorescein (Sigma-Aldrich), according to the manufacturers' protocol. After nuclei were stained using Hoechest (Thermo Fisher), cells were observed with a confocal laser microscope (Nikon, Tokyo, Japan).

*In situ* proximity ligation (PLA) assay {#s4_10}
----------------------------------------

At 70% confluence, TPC1 cells were seeded on glass cover slips (Thermo Fisher), cultured overnight in a 12-well plate, and treated with CDDP for 12 hours. Thereafter, TPC1 cells were fixed with 4% paraformaldehyde in PBS for 10 min, permeabilized with 0.1% Triton X-100 in PBS for 5 min, and incubated with 5% BSA for 1 hour at room temperature. Cells were incubated with rabbit anti-MUL1 (1:100) and mouse anti-AKT (1:100) antibodies at 4°C overnight. Cells were incubated with anti-rabbit PLUS and anti-mouse MINUS PLA probes in Duolink *in situ* PLA kit (Sigma-Aldrich), according to the manufacturers' protocol. After nuclei were stained using Hoechest (Thermo Fisher), cells were observed with a confocal laser microscope (Nikon, Tokyo, Japan).

Immunocytochemistry microscopy {#s4_11}
------------------------------

At 70% confluence, TPC1 cells were seeded on glass cover slips, cultured overnight in a 12-well plate, and treated with CDDP for 4, 8, 12 or 24 hours. After treatment of CDDP, TPC1 cells were fixed with 4% paraformaldehyde for 10 min, permeabilized with 0.1% Triton X-100 in PBS for 5 min, incubated with 5% BSA for 1 hour. The cells were subsequently incubated with primary antibodies at 4°C overnight, followed by washing four times with 0.05% Tween-20 in PBS and staining with the secondary antibody for 2 hours at room temperature. After nuclei were stained using Hoechest (Thermo Fisher), cells were observed with a confocal laser microscope (Nikon, Tokyo, Japan).

Subcellular fractionation {#s4_12}
-------------------------

TPC1 cells were treated with CDDP for 4, 8, 12 or 24 hours in the absence of serum. After cells harvest, cytoplasmic, and nuclear fractionation were separated by using NE-PER Nuclear and Cytoplasmic extraction reagents (Thermo Fisher), according to the manufacturer\'s instructions.

Chromatin immunoprecipitation (ChIP) assay {#s4_13}
------------------------------------------

ChIP assay was performed using the ChIP assay kit (Millipore, Temecula, CA, USA) according to the manufacturer\'s instructions. Briefly, 2 × 10^7^ cells were fixed with 1% formaldehyde (Sigma-Aldrich) at room temperature for 10 min, and then they were lysed on ice for 20 min. These lysed extracts were subjected to shearing by sonication. After centrifugation at 13,000 x g at 4°C for 30 min to remove insoluble material, the soluble chromatin was subjected to immunoprecipitation with anti-HA (abcam). The primer sequences used in ChIPs were as follows: promoter of *MUL1* (−1566 to −1283), 5'-AAG TTG CAC TGA GCC GAG ATC-3' and 5'-CTG GGA TTA CAG GCG TGA GTC-3'.

Luciferase assay {#s4_14}
----------------

TPC1 cells were transfected using the Lipofectamine 2000 with FOXO3 WT-HA or FOXO3 TM-HA or *MUL1* reporter constructs. After transfection, TPC1 cells were plated onto a 96-well plate at a density of 4,000 cells/well. After overnight TPC1 cells attachment, cells were then treated with CDDP for 24 hours. Luciferase reporter assay was performed using the Luciferase Assay System (Promega, Madison, WI, USA) as the manufacturer\'s instructions.

Detection of AKT ubiquitylation {#s4_15}
-------------------------------

AKT ubiquitylation assays were determined by Ni-NTA His pull-down assays. Ni-NTA pull-down ubiquitylation assay was performed as described previously \[[@R30]\]. Briefly, TPC1 cells were transfected with pcDNA3.1-Myr AKT-Myc/His together with each indicated plasmids and then washed with PBS, lysed in 200 μl of denaturing lysis buffer (50 mM Tris-HCl, pH 7.4, 0.5% SDS and 70 mM β-meraptoethanol, a protease inhibitor cocktail, and 10 μM MG132) by vortexing, and boiled for 20 min at 95°C. The lysates were diluted with 800 μl buffer A (50 mM NaH~2~PO~4~, 300 mM NaCl, 10 mM imidazole, pH 8.0, protease inhibitor cocktail, and 10 μM MG132) and incubated overnight with 40 μl Ni-NTA Agarose Beads (Invitrogen) at 4°C. Beads were washed three times with buffer B (50 mM NaH~2~PO~4~, 300 mM NaCl, 20 mM imidazole, pH 8.0), and bound proteins were eluted by boiling in a mixture of 5X SDS-PAGE gel loading buffer and buffer C (50 mM NaH~2~PO~4~, 300 mM NaCl, 250 mM imidazole, pH 8.0) (1:4). Then, Ubiquitylated AKT was detected with anti-HA antibody in Western blot.

Measurement of intracellular ROS production {#s4_16}
-------------------------------------------

TPC1 and BHP10-3 cells were pre-treated with 10 mM NAC for 1 hour and then, CDDP was treated further 24 hours. After CDDP treatment, cells were treated with 10 μM hydroethidine (Thermo Fisher) for 30 min at 37°C. Fluorescence-stained cells (1×10^4^) were quantified using the BD FACSAria III instrument (BD Biosciences, San Diego, CA, USA).

Statistical analyses {#s4_17}
--------------------

Data are expressed as means ± standard deviations (SD). Data were analyzed by ANOVA, followed by Student\'s *t*-test and Tukey--Kramer multiple comparisons method. *P* \< 0.05 was considered statistically significant.

SUPPLEMENTARY MATERIALS FIGURES {#s5}
===============================
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